Background Data from studies in patients with nonalcoholic steatohepatitis (NASH) suggest an increased hepatic fatty acid oxidation. We have previously shown higher fasting plasma bile acid concentrations in patients with NASH. In-vivo and in-vitro studies suggest that bile acids by binding to peroxisome proliferator-activated receptor a activate fibroblast growth factor 21 (FGF21) and increase hepatic fatty acid oxidation.
Introduction
The contribution of hepatic fatty acid oxidation to the development and progression of nonalcoholic fatty liver disease (NAFLD) is controversial. Both an increase and decrease in hepatic fatty acid oxidation have been reported in human patients and in animal models [1] [2] [3] . The activity of hepatic mitochondrial short-chain and long-chain acyl CoA hydroxylase enzymes involved in fatty acid oxidation have been reported to be lower in patients with NAFLD compared with controls. However, a decrease in activity does not necessarily translate into a decrease in flux through the pathway [4] . Patients with defects in enzymes involved in mitochondrial long-chain fatty acid oxidation develop hepatic steatosis [5] . In addition, mice with decreased fatty acid oxidation [peroxisome proliferatoractivated receptor a (PPARa) knockout and fatty acyl CoA oxidase deficiency] develop hepatic steatosis [6, 7] . In contrast, several studies in patients with nonalcoholic steatohepatitis (NASH) show higher concentration of plasma b-hydroxybutyrate (BHB) after an overnight fast. As the liver is the only source of plasma BHB, these data suggest a high rate of hepatic fatty acid oxidation [8] [9] [10] . In a previous study, we examined the correlation between plasma concentration of BHB and fatty acids before and after an infusion of intralipid in patients with NASH compared with controls. The higher slope of the correlation suggested a higher fatty acid oxidation in NASH [11] . The mechanism of the increased hepatic fatty acid oxidation in NASH is not known.
Using untargeted metabolomic analysis, we have previously reported that the plasma concentrations of bile acids, glycocholate, taurocholate, and glycochenodeoxycholate were significantly higher in patients with NASH compared with controls [12] . Bile acids, taurocholate, and chenodeoxycholate bind to farnesoid X receptor (FXR) and increase the expression of hepatic PPARa [13] . PPARa, in turn, induces fibroblast growth factor 21 (FGF21) that increases the transcription of enzymes responsible for fatty acid oxidation [14] [15] [16] [17] (Fig. 1 ). Elevated plasma concentration of FGF21 has been reported in obesity, type 2 diabetes mellitus, and NAFLD [16, [18] [19] [20] [21] .
Infusion of intralipid with heparin has been used to increase plasma fatty acid concentration in a reproducible manner [11, 22, 23] . As hepatic uptake of fatty acids depends on their plasma concentration, infusion of intralipid results in higher hepatic influx of fatty acids and consequently higher hepatic fatty acid oxidation and elevated plasma ketone body (BHB, acetoacetate, and acetone) levels [22, 24] . In addition, an increase in the oxidation of fatty acids in the liver results in an increased generation of reactive oxygen species and oxidative stress [25, 26] . We used fatty acid infusion to show an increase in hepatic fatty acid oxidation in NASH.
In this study, the response to fatty acid infusion was quantified in controls and patients with histologically proven NASH using the Kleiner et al. [27] criteria. We hypothesized that in patients with NASH, elevated plasma bile acids, by increasing the expression of PPARa and FGF21 would result in an increased oxidation of fatty acids and as a consequence, would result in greater oxidative stress evidenced by an increase in plasma 8-hydroxydeoxyguanosine (8 OHdG; Fig. 1 ). We also measured the plasma concentration of leptin, insulin, and glucose that may alter hepatic fatty acid oxidation [28] . During states of elevated plasma fatty acids, the excess fatty acids form the substrate for ceramides that have also been suggested to cause oxidative stress and hepatic injury [29] . Therefore, we measured the plasma concentrations of multiple ceramide subspecies in response to infusion of intralipid. Plasma concentration of cytokeratin 18 M30 has been used as a biomarker for the diagnosis of fatty liver [30] . Caspase cleavage of cytokeratin proteins at two distinct sites, Asp238 and Asp396, during apoptosis [31] . The M30 detection antibody recognizes a neoepitope mapped to positions 387-396 of CK18 and is believed to be a marker of apoptosis. The CK18 M65, on the other hand, detects a common epitope present in the full-length protein as well as in the caspase-cleaved product, and measures CK18 released intact from necrotic cells [32] . As CK18 M30 has been shown to reflect apoptosis, and plasma concentrations have been reported to be high in patients with NASH, we quantified this in the fasted state and to determine whether this is altered during the increased hepatic fatty acid oxidation during infusion of intralipid.
Methods
Studies were carried out in patients with NASH and healthy controls. The diagnosis of NASH was established in all patients by liver biopsy. Healthy controls were recruited by advertisement. A detailed clinical evaluation was done in each patient followed by a physical examination. Hepatic steatosis was excluded in controls by ultrasound examination (performed by the same investigator, Srinivasan Dasarathy) using previously established criteria [33] . The study protocol was approved by the Institutional Review Board of the Cleveland Clinic. Written informed consent was obtained from all patients after explaining the procedures completely.
Patients were studied after an overnight fast, after a weight-maintenance diet containing at least 75 g of protein per day for 7 days. On the study day, after 4 h of the basal period, intravenous infusion of lipid was administered for 4 h using 20% intralipid (linoleate 50%; oleate 26.5%, palmitate 10.5%, and stearate 3.5%) with heparin (0.2 U/L) at 40 ml/h (control, n = 16; NASH, n = 10). Some of these patients were part of another metabolic study reported previously [11] . We examined the blood samples obtained at 180 min before and after the start of infusion of intralipid. These time points were chosen because plasma fatty acids had reached a stable concentration and we were not determining the temporal changes in regulatory proteins in plasma. Plasma was separated immediately by centrifugation in cold and stored at -801C for assays.
Analysis
Plasma free fatty acids (FFAs) were measured colorimetrically and BHB concentration was measured enzymatically Oxidative stress
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Schematic representation of putative sequence of metabolic abnormalities culminating in hepatocyte apoptosis in nonalcoholic steatohepatitis. The increased plasma bile acids have a permissive effect on peroxisome proliferator-activated receptor a (PPARa) whose downstream target fibroblast growth factor 21 (FGF21) is increased. FGF21 increases the expression of genes responsible for increased hepatic fatty acid (FA) oxidation that results in an increased oxidant stress and release of caspase-cleaved cytokeratin fragment 18 M30 (CK18 M30) into plasma. The high plasma fatty acid concentration additionally generates increased ceramides that aggravate the oxidant stress. CPT-1, carnitine palmitoyl transferase 1 (regulatory enzyme for mitochondrial fatty acid oxidation); SHP, short heterodimer partner.
using a spectrofluorometer [11] . Plasma leptin was quantified by radioimmunoassay (Linco Diagnostics, St Louis, Missouri, USA). Plasma insulin was measured in the Clinical Research Unit core laboratory of the Cleveland Clinic using a standard enzyme-linked immunosorbent assay (ELISA) method. Plasma FGF21 was quantified using the ELISA kits (Biovendor Laboratory Medicine, Czech Republic) using the manufacturer's protocol. This assay has been reported to be highly specific to human FGF21 and does not cross-react with other members of the FGF family [21] . The reported intra-assay and interassay variations were 5.5 and 8.9%, respectively. 8 OHdG was quantified by a competitive ELISA using the manufacturerrecommended protocol. The M30 apoptosome ELISA assay (Peviva, Bromma, Sweden) was used to quantify the plasma concentration of apoptosis-associated CK18 Asp396 neoepitope. Changes in concentrations of ceramide species were measured in a subgroup of patients using methods reported earlier [34] . In brief, after Bligh and Dyer extraction and silica gel column isolation, ceramides were analyzed by liquid chromatography/electrospray spin ionization/mass spectrometry/mass spectrometry. Plasma levels of ceramides were measured in six patients with histologically confirmed NASH and six healthy controls before and after intralipid infusion. The separation and quantification of nine endogenous long-chain and very-long-chain ceramides using two nonphysiological odd-chain ceramide (C17 and C25) internal standards were achieved within a single 21-min chromatographic run. Plasma bile acids were quantified (n = 36 in NASH and n = 38 in controls) using liquid chromatography mass spectrometry/mass spectrometry [35] .
Statistical methods
All data are reported as mean ± standard deviation unless specified. Quantitative variables were compared using Student's t-test for data with a normal distribution. Skewed data were compared using the Mann-Whitney test. Comparison of the data in the same patient during the fasted state and in response to intralipid infusion was done using the paired t-test. A P value of less than 0.05 was considered significant.
Results
The clinical and biochemical characteristics of the patients are shown in Table 1 . There were no age or sex differences between patients with NASH and healthy controls as they were matched for these criteria. Patients with NASH had higher BMI, higher concentration of plasma aspartate aminotransferase, alanine aminotransferase (ALT), triglycerides, and lower high-density lipoprotein compared with controls. They were also significantly (P < 0.01) more insulin resistant than controls as evidenced by their higher homeostatic model of assessment scores.
The plasma concentration of bile acids (glycocholate, taurocholate, and taurochenodeoxycholate) during fasting was significantly higher in patients with NASH (P < 0.01; Fig. 2 ).
In the fasted state, plasma concentration of FGF21 ( Fig. 3a ) and leptin ( Table 2) were significantly higher (P < 0.01) in patients with NASH compared with controls. Plasma concentration of 8 OHdG was not significantly different in the two groups. CK18 levels were significantly (P < 0.01) higher in patients with NASH compared with controls.
In response to infusion of intralipid with heparin, there was an expected increase (P < 0.001) in plasma concentration of fatty acids and BHB in both groups. The ratio of BHB to FFAs was significantly (P < 0.05) higher in NASH compared with controls. Plasma concentrations of leptin, insulin, and glucose did not change in either group after intralipid infusion ( Table 2) . During intralipid infusion, the plasma concentration of FGF21 increased significantly (P = 0.007) in patients with NASH but not in controls (Fig. 3a) . Plasma concentration of various ceramide species is shown in Table 3 . During fasting, the total ceramide concentration was similar in patients with NASH and controls. The concentrations of C22 and C24 : 1 ceramides were significantly higher (P < 0.05) in patients with NASH. In response to intralipid infusion, total ceramide concentration increased significantly (P < 0.05) only in patients with NASH. Plasma concentrations of 8 OHdG (Fig. 3b ) and of CK18 M30 fragment ( Fig. 3c ) increased significantly in response to intralipid (c) Plasma concentration of CK18 M30 fragment in healthy controls and patients with NASH is shown. In the fasting state, patients with NASH had significantly higher plasma concentration of CK18 M30 fragment compared with controls. In response to an infusion of intralipid with heparin, plasma concentration of CK18 increased further only in patients with NASH (*P < 0.01). only in the patients with NASH. There was no change in plasma ALT concentration in response to intralipid infusion in either group (Table 2 ).
Discussion
In this study, we have confirmed our previous observation of higher plasma BHB and FFA ratio in patients with NASH suggesting greater hepatic fatty acid oxidation. We also confirmed our previous report that plasma concentrations of bile acids are elevated during fasting in patients with NASH [12] . Plasma concentrations of fasting FGF21, CK18 M30 fragment, and 8 OHdG were higher and increased further in response to intralipid only in patients with NASH. These data provide evidence that hepatic oxidation of fatty acids is higher in NASH, possibly mediated by bile acids through the FGF21 pathway ( Fig. 1) and may contribute to the oxidative injury and progression of NASH.
These data suggest higher fatty acid oxidation in the liver of patients with NASH. As ketone bodies are released into the plasma from only the liver [36, 37] , the higher BHB/fatty acid ratio suggests that the site of increased oxidation of fatty acids is the liver. These data are also consistent with the recent data in obese patients with an increased hepatic fatty acid oxidation seen using 11 C palmitate positron emission tomogram [38] . However, the mechanism of an increased hepatic fatty acid oxidation in NASH is unclear. Transcriptional regulation of the genes involved in the oxidation of fatty acids is mediated by the activation of PPARa. Bile acids are endogenous ligands of PPARa. Bile acids induce hepatic PPARa by binding to their receptor, FXR [13] . The increase in the expression of PPARa in human hepatocyte cell lines with both chenodeoxycholic acid and taurocholic acid was transcriptionally regulated by the binding of FXR to the promoter of the PPARa. Critical enzymes for hepatic fatty acid oxidation are regulated by PPARa activation [39] . We speculate that the elevated bile acids in patients with NASH result in an increase in PPARa expression. In response to fatty acid infusion, there is a further increase in PPARa activation, which results in an elevated plasma concentration of FGF21, the immediate downstream target of PPARa [17, 40, 41] . Elevated plasma FGF21 concentrations in patients with NASH may be responsible for the increased hepatic fatty acid oxidation [8, 9, 11] .
FGF21 induces hepatic fatty acid oxidation in animal models and cell cultures by transcriptional regulation of key enzymes of fatty acid oxidation [42, 43] . In this study, plasma FGF21 concentration was higher in NASH than in controls. Similar data have been reported by others recently [19, 20] . Intralipid infusion was accompanied by an increase in plasma FGF21 only in patients with NASH. These data suggest that NASH may be an FGF21resistant state, similar to that recently reported in obesity [19, 44] . The elevated plasma bile acids in NASH may also have an additive or synergistic effect to PPARa activated by fatty acids with greater FGF21 response to fatty acid infusion. This also explains the greater hepatic fatty acid oxidation in NASH with higher plasma FGF21 compared with controls.
Leptin has also been shown to increase hepatic fatty acid oxidation by the activation of critical cellular energy sensor, AMP kinase [28, 45] . Our studies showed that even though fasting leptin concentrations in patients with NASH were significantly higher than that in controls, there was no change in plasma leptin in response to infusion of intralipid in either group. These observations were similar to those reported earlier that plasma leptin concentrations are not altered in response to infusion of intralipid [46, 47] . Higher plasma leptin concentration may contribute to the increased hepatic fatty acid oxidation in the fasted state. However, we did not observe significantly higher plasma BHB in patients with NASH compared with controls (P = 0.08), the dominant role of leptin may be on the skeletal muscle. Furthermore, plasma leptin concentration did not change after intralipid infusion, and this suggests that the increase in hepatic fatty acid oxidation after intralipid infusion is due to other mechanisms including an increase in FGF21.
Increased hepatic fatty acid oxidation during infusion of fatty acids generates more reducing equivalents (NADH) and greater oxidative stress, as evidenced by higher 8 OHdG in NASH in this study [48, 49] . Plasma ceramides increased in patients with NASH compared with controls during intralipid infusion and these may also contribute to the oxidative injury [50] . Animal studies have suggested that high-fat diet increases hepatic ceramide content and this is reflected by elevated plasma ceramide concentration [50, 51] . Our observations of an increase in plasma ceramide after intralipid infusion suggest that the increase in hepatic entry of fatty acids contributes to ceramide synthesis. In the fasted state, however, there was no difference in plasma ceramide concentration between NASH and controls that was similar to a previous report that patients with NAFLD did not have higher hepatic ceramide concentration [52] . Our observations showed that in the fasted state, plasma concentration of 8 OHdG was similar in NASH and controls that was similar to previous reports [11, 25] . However, after infusion of fatty acids, plasma 8 OHdG was increased significantly only in NASH suggesting more oxidant stress and injury in this group. This is consistent with our previous report, which states that plasma glutathione concentration (that is also a measure of increased hepatic oxidant stress) increased after intralipid infusion only in NASH [11] . In contrast, plasma 8 OHdG did not change in controls that may be related to either a lower rate of hepatic fatty acid oxidation or better hepatic antioxidant defenses. These studies show that measures of oxidant injury were not different in the fasted state, but these differences became overt during an infusion of fatty acids with greater hepatic oxidation.
Increased oxidant injury was accompanied by greater increase in the plasma concentration of caspase-cleaved CK18 M30 fragment in NASH compared with controls during infusion of intralipid. This reflects hepatocyte apoptosis that results from an activation of the caspase system that cleaves the cytokeratin 18. Cytokeratin 18 is the major intermediate filament protein in the liver and the major substrate of caspases during apoptosis [31, 53] . Bile acids can also activate caspases and hepatocyte apoptosis [54] , and higher plasma bile acids in NASH may also contribute to the higher plasma CK18 M30 fragment in these patients. The increase in plasma CK18 M30 after an infusion of intralipid in NASH was not accompanied by an increase in plasma ALT, a measure of hepatocellular necrosis and death. There could be a number of potential reasons for this observation. The lack of increase of plasma ALT despite an increase in CK18, suggests that the caspase-cleavage system activated during apoptosis is reversible [54] or that the release of ALT requires necrotic cell death that is different from apoptosis [55, 56] . Alternatively, in response to infusion of intralipid, plasma CK18 M30 concentration did not increase sufficiently to result in an elevation in plasma ALT concentration. This is supported by previous reports that plasma ALT is not a sensitive measure of hepatocellular injury on liver biopsy [57] . Another possible reason for the lack of concordance between the increase in CK18 M30 and ALT after intralipid infusion is that a measurement of ALT at a single time point may not be a sensitive measure of hepatocellular injury.
In this study, all our measurements were taken only at a single time point in the fasted state and in response to intralipid. As mentioned earlier, these time points were chosen because plasma concentrations of fatty acids and BHB were at a steady state at the times chosen. Furthermore, we were not examining the temporal changes in response to infusion of fatty acids and our aim was to determine whether bile acids and FGF21, both regulators of hepatic fatty acid metabolism could be related to the change in hepatic fatty acid oxidation.
We conclude that an infusion of fatty acids permits us to examine the metabolic disturbances in NASH that provide a potential mechanism for the progression of hepatic injury. Our observations suggest that the elevated fasting plasma bile acids may have a permissive effect on PPARa with an increase in FGF21, and greater hepatic fatty acid oxidation. A higher rate of fatty acid oxidation would result in oxidative stress and consequent oxidant injury and activation of the caspase-cleavage system (increase in CK18 M30 fragment). The lack of change in plasma ALT suggests a potentially reversible abnormality. Studies in animal models and in-vitro cell culture system are needed to establish that this sequence of events mediates the progression of injury in NASH.
